Stainless steel wrought
determined the properties of materials used for clasp arm construction by using stress relaxation testing and proposed the term 'stiffness index'. The stiffness index is the force required to produce a unit of elastic deflection of the test specimen, regardless of its dimensions. Excessive stiffness has the potential to damage the supporting tissues. Insufficient stiffness would adversely affect the retention of the prosthesis. It has an inverse relationship to the 'flexibility', which is defined as the displacement (in millimeters) divided by the load (in grams) at the proportional limit (2). Many researchers have studied the flexibility and other mechanical properties of wrought wires (2-6), but these have focused on noble metal alloys, such as platinum-gold-palladium (PGP) and new base metal alloys, such as Ticonium, Wironium, Elgiloy, and Jelenko Standard, but there has been a lack of studies on stainless steel wires.
Stainless steel wires used in dental work are generally 18/8 austenitic types of stainless steel, composed of 18% chromium, 8 % nickel and 0.2 % carbon (7). However, the mechanical properties of these wires can be altered by cold working processes and solid-state phase transformation in the austenitic structure (8) .
Although stainless steel wires are not an ideal clasp material because they are too stiff and often bend away from the tooth surface, and so fail to engage the undercut of the tooth (9,10), they are widely used as they are far cheaper than wrought gold alloy or any other base metal alloy wire clasp. In England and Wales during 1984, 81 % of partial dentures were made with acrylic resin bases. In Scotland, 79 % of dentures were made bearing clasps, most of which were made of stainless steel (11) . Stainless steel wires are still the alternative of choice for some countries and for people on a low income. However, stainless steel wires vary in price according to their intended use. In Thailand, imported dental stainless steel wires are expensive and dental stainless steel wires (no specific brand) which are sold by Thai dental suppliers are more expensive than general stainless steel wires. Thai dental faculties are the main source of dental services. They buy stainless steel wires from Thai dental suppliers. From the authors' view, it appears that most general dentists follow what they used in their own faculties in their choice of dental materials.
The purpose of this investigation was to determine and compare mechanical properties (flexibility and hardness) of some dental stainless steel wires that are used in Thailand, Japan, Malaysia and the USA, and one general stainless steel wire, which is produced in Thailand, and to analyze their composition.
Materials
and Methods Nine stainless steel wrought wires were tested ( Table  1 ). The dental stainless steel wires used in Thailand were collected from 4 dentistry faculties: Khonkean University (KKU), Chulalongkom University (CU), Prince of Songkla University (PSU) and Mahidol University (MU). These faculties are located in different parts of Thailand. The dental stainless steel wires used in foreign countries are CE, SK and SA, which were imported from the USA, Japan and Malaysia, respectively. The Dentaurum spring hard stainless steel wire (DTL) is used for orthodontic work in Thailand. Lastly, the only stainless steel wire that is produced for general work in Thailand is MN wire. The cross-sectional dimensions of the wires tested were 1.0 and 0.9 mm, except for the SA wire, which had one diameter size of 1.0 mm.
They were prepared 25 mm in length. Three random samples of each group were tested with a Shimatsu universal testing machine with 10 mm of each sample held firmly in a sample holder. The load was applied perpendicularly to the long axis of the wire 15 mm from the holder. A loaddeflection curve was recorded on the computer with the Shimatsu software. A typical load-deflection curve for one test is shown in Fig. 1 . The slope of the initial straight line of the applied load range was calculated as the flexibility.
To determine the microhardness values, three samples of each wire were embedded in autopolymerized resin and polished to eliminate the round surface. Vickers' microhardness values were obtained by using a Buehler Micromet II. The flat surface area of a sample was indented with the Vickers' diamond indentor with a 500 g load for 5 minutes. Each sample was tested twice. The flexibility and the microhardness were compared with a one-way ANOVA (P = 0.05) with multiple Student-Newman-Keul (SNK) comparisons.
The electron probe microanalyzer (Jeol, JXA-8800R) with the EDS (Oxford, ISIS300) was used to analyze the percentages of Fe, Cr, Ni, and other alloying elements in wrought wire.
Results
Load and deflection at the proportional limit, flexibility and the Vickers' microhardness values are shown in Tables 2 and 3 . Stainless steel wires with larger cross-sectional diameter have lower proportional limit deflection and lower flexibility, but their proportional-limit loads were greater. Wrought wires from the same manufacturer, which were different in diameter size, showed minor differences in Vickers' microhardness values. SK wires had extremely different results from the others.
They had the lowest proportional limit and hardness. An ANOVA identified significant differences among the wires (P < 0.05). The Student-NewmanKeul statistic showed significant differences in the properties of some wires, but other differences were not significant (Tables 2, 3 Discussion The composition analyses indicated that these wires are austenitic stainless steel, which is most widely used in dental work. Numerous studies of austenitic stainless steel have related its mechanical properties to its chemical composition (12) . In this way, the differences in mechanical properties of these wires can be explained. Basic austenitic stainless steel contains 18 % Cr, 8 % Ni and 0.02-0.15 % C. Stainless steel with a low nickel content can be work hardened, but a high nickel content will increase deep drawability and will suit cryogenic applications (13) . In our study, the SK wire showed the lowest proportional limit and microhardness, which was due to the high nickel content. However, wires with the same composition may be different in mechanical properties. This is because the annealing process after drawing can alter the grain structures that control mechanical properties.
The mechanical properties are important in the life expectancy of a clasp and its effect on the tooth (10). The proportional limit is the most important property because it reflects plastic deformation, which takes place following stress. A wrought wire clasp can engage a deeper undercut because of its higher proportional limit. Also, it will be permanently deformed if it is placed too deep into the undercut because the proportional limit will be exceeded (4). So the proportional limit data can be used to estimate what depth of undercut should be used to produce the desired retention for any clasp wire (6, 14) . However, although the flexibility is calculated from the load and deflection at the proportional limit, this does not mean an increase in the proportional limit will result in an increase in the flexibility. A flexible wire can return to its original shape when the applied load is released. The high-flexibility wrought wire clasp arm can flex in any direction so that stresses caused by movement of the removable partial denture are dissipated. This helps to protect the abutment tooth from harmful forces (14) . The Student-Newman-Keul statistic indicated that there are differences in flexibility and Vickers' microhardness value among the wires at the 95 % confidence level; this was especially true of the Japanese SK wire which had obvious differences from the others. The proportional limit load and deflection were about half those of the other wires. Although its proportional limit deflections are only 0.9 and 1.2 mm (for the 1.0 mm and 0.9 mm diameter sizes, respectively), it can engage a 0.50 mm undercut without deformation, and the lower proportional limits make it easier to bend. Its hardness was also lower than that of the others, and close to the hardness of enamel (294-408 VHN) (15, 16) , which means that the tooth surface will not be worn out when it is used as a clasp arm.
Stainless steel wires used in four faculties of dentistry of Thailand had similar mechanical properties, which were close to those of MN and DTL wire. Their flexibility is similar to that of SK wire, although their proportional limit load and deflection are greater. CE wire, which is used in orthodontics and sometimes used in prosthodontics, is quite stiff and harder than the others. Although the high proportional limit makes these wires difficult to bend when compared with SK wire, they have the advantage of being difficult to deform.
MN wire is produced for general work by a Thai manufacturer, and has properties close to other dental wires. For example, as shown in Table 2 , 1.0 mm diameter MN wire had a proportional limit similar to that of DTL wire; its flexibility value was similar to that of SK, DTL, SA, KKU and MU wire and its hardness number was not significantly different from the hardness numbers of CE and SA. Because of this, MN wire may be another choice for the dentists in Thailand because of its lower cost. MN wire, with a Vickers' number 485, is less hard than Ticonium wire. The Ticonium wire with a Vickers' number of 542 (1) is acceptable for use as clasp arms.
The wires may be specified by gauge or diameter. The 19 and 20 gauge wires are often used in clasp arm construction. This investigation found that the wires bought from the different dental suppliers labeled with the same gauge might be different in diameter. Therefore, dentists and dental technicians should measure before buying or application. Table 4 Percentage composition of 1.0 mm diameter stainless steel wires Table 5 Percentage composition of 0.9 mm diameter stainless steel wires Conclusion 1. Flexibility and microhardness testing showed significant differences among the wires, but all of them had a high enough proportional limit to engage an undercut without deformation. 2. The lowest proportional limit and microhardness of the SK wire were due to the high nickel content. 3. MN wire (which is produced in Thailand) is used for general work and can be used in clasp arms in dental work because the mechanical properties and composition are not different from some dental wires in this study.
